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Abstract
Introduction. The published and our own data show that CTAG and, to a lesser extent, TCGA tetra-nucleotides 
have significantly lower concentrations in frequency profiles (FPs) of herpesvirus DNAs compared to other 
complete, bilaterally symmetrical tetra-nucleotides.
The aim of the study is to present a comparative analysis of CTAG and TCGA tetra-nucleotide FPs in viral DNAs.
Materials and methods. We have analyzed FPs and other characteristics of the two above tetramers in DNAs 
of at least one species of viruses of each genus (or each subfamily, if the classification into genera was not 
available), complying with the size limit requirements (minimum 100,000 base pairs) — a total of more than  
200 species of viruses. The analysis was performed using the GenBank database. 
Results. Two groups of characteristics of TCGA and CTAG tetramers have been described. One of them covers 
the results of the FP analysis for these tetranucleotides in viral DNAs and shows that DNAs with GC:AT > 2 
are characterized by nCGn FP symmetries while these symmetries are frequently distorted in nTAn FP due to 
CTAG underrepresentation. The other group of tetramer characteristics demonstrates differences in their FPs in 
complete viral DNAs and in their genomes (a coding part, which can reach 80% in some studied viruses, thus 
making the analysis of their DNAs more significant than the analysis of DNAs of cellular live forms) and suggests 
that these tetramers may have participated in the origin of the universal genetic code. 
Discussion. Assumedly, the genetic code started evolving amid C+G prevailing in "pre-code" DNA polymers; 
then the initial code forms evolved further to their final structure where TCGA and CTAG tetramers hold a central 
position, encapsulating the previous stages of this evolution. The nCGn FP symmetries typical of the "complete" 
DNA of Herpes simplex viruses disappear in the sequence of the second codon letters of the genome of these 
viruses, implying that their functions differ from functions of other letters and emphasizing the reasonableness of 
presenting the genetic code as a calligram where the second line is not symmetrical. 
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Аннотация
Введение. Литературные и наши собственные данные показывают, что в частотных профилях (ЧП) гер-
песвирусных ДНК тетрануклеотиды CTAG и, в меньшей степени, TCGA выделяются среди других полных, 
билатерально симметричных тетрануклеотидов заметно более низкими значениями концентраций.
Цель работы — сравнительный анализ ЧП тетрануклеотидов CTAG и TCGA в вирусных ДНК.
Материалы и методы. Проанализированы ЧП и другие особенности указанных двух тетрамеров в ДНК 
не менее одного вида вирусов каждого рода (или субсемейства, если оно не классифицировано по родам) 
в соответствии с ограничениями по размеру (не ниже 100 000 пар оснований) — всего свыше 200 видов 
вирусов. Для анализа использованы инструменты GenBank. 
Результаты. Описаны две группы формальных особенностей тетрамеров TCGA и CTAG. Одна из них 
относится к результатам анализа ЧП этих тетрануклеотидов в вирусных ДНК и показывает, что в ДНК с 
GC:AT > 2 имеют место определённые симметрии ЧП nCGn при частом нарушении таких симметрий в ЧП  
nTAn из-за недопредставленности CTAG. Другая группа особенностей этих тетрамеров демонстрирует 
различия их ЧП в полных ДНК вирусов и в их геномах (кодирующей части, которая у некоторых исследо-
ванных вирусов достигает 80%, делая анализ их ДНК более убедительным, нежели анализ ДНК клеточных 
форм жизни) и указывает на возможную роль этих тетрамеров в происхождении универсального генети-
ческого кода. 
Обсуждение. Предполагается, что генетический код первоначально формировался на основе некоторого 
преобладания C+G в «до-кодовых» ДНК-полимерах с последующей эволюцией стартовых форм кода до 
конечной фиксированной структуры, в которой тетрамеры TCGA и CTAG занимают центральное место, 
отражая исходные этапы этой эволюции. Симметрии ЧП nCGn, характерные для «полной» ДНК герпесви-
русов рода Simplex, исчезают в цепи вторых кодонных букв генома этих вирусов, косвенно указывая на от-
личия их функций от функций других букв и подчёркивая целесообразность представления генетического 
кода в формате каллиграммы, в которой вторая строка не симметрична. 

Ключевые слова: вирусная ДНК, функции тетрамеров TCGA и CTAG, частотный профиль nCGn и 
nTAn, симметрии генетического кода 
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It is assumed that the CTAG function is associated 
with disruption of the optimal nucleic acid stem-loop 
structure, thus causing inhibition of DNA replication 
(the thermodynamic model). In addition, the CTAG se-
quence is more sensitive to chemical exposure [5, 6]. 
TCGA owes its lower concentrations to its central di-
mer CpG, which is notable for its frequent methylation 
and mutations [7–10].

In this article, we have referred to multiple stud-
ies (though there are much more works addressing 
this subject) to show the diverse consequences of the 
discussed oligonucleotides in DNAs and genomes of 

Introduction
Earlier, we described the frequency of occurrence 

for bilaterally symmetrical, complete (consisting of 4 
bases) tetra-nucleotides (TNs) in genomes of herpes-
viruses [1]. Having found that the frequency profiles 
(FPs) of two TNs — CTAG and, to a lesser extent, 
TCGA — of herpesvirus DNAs had significantly low 
concentrations, which was also supported by data of 
other published studies [2–4], we thoroughly analyzed 
other characteristics of the above TNs and extended 
the scope of the analysis beyond the boundaries of 
herpesviruses. 
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living organisms [11]. Undesired inhibition of biolo-
gical syntheses is offset by lower concentrations of 
both TNs in DNAs. Our primary attention was given 
to formal characteristics of both TNs, which, compared 
to the other, have biological functions, regardless of the 
go verning functions and mechanisms. These charac-
teristics demonstrate unexpected qualities, which will 
be explained here in the context of a provisional hy-
pothesis. 

The aim of the study is to present a comparative 
analysis of CTAG and TCGA tetra-nucleotide FPs in 
viral DNAs and genomic regions of these DNAs.

We analyzed the closest context of central pairs of 
CG and TA nucleotide tetramers, including TCGA and 
CTAG, in DNAs of viruses representing different taxo
nomic groups. This approach makes it easier to com-
pare frequency profiles (FPs) of the CG dinucleotide 
and CTAG, approximating their sizes and treating them 
both as tetramers and dimers (especially when many 
researchers mention functionally similar, though to a 
significantly lesser extent, characteristics of the CTAG 
central dimer [12, 13]). The downside of this approach 
is that the densities of symmetric pairs of tetramers with 
the common function (TCGA and ACGT) show much 
fewer differences compared to the significantly differ-
ent densities of symmetric pairs of tetramers having 
this function (CTAG) and hardly having it (GTAC). 

Materials and methods 
The analysis included physically unsegmented 

DNAs with full-length sequences available in Gen-
Bank1 as of 2021. The third limiting factor — the DNA 
size, which should be at least 100 kbp, as in case with 
Chargaff’s second parity rule [5, 14, 15], and not lar
ger than 300–400 kbp. DNAs of the latter are typical of 
highly complex viruses and contain primarily A+T. The 
largest known viral RNAs — genomes of coronaviru-
ses — are of no more than 32–35 kbp in size. 

The above requirements were met by genomes of 
viruses only of two major realms of the Vira superking-
dom: Duplodnaviria (the kingdom Heunggongvirae) 
and Varidnaviria (the kingdom Bamfordvirae). We an-
alyzed DNAs of at least one species of viruses repre-
senting each genus (or subfamily, if it was not divided 
into genera); the total number of such genera was more 
than 200 (20 families). The studied viruses of the first 
realm belonged to phyla Uroviricota of the kingdom 
Heunggongvirae (the order Caudovirales) and Peplo-
viricota of the same kingdom (the order Herpesvirales). 
The studied viruses of the other realm belonged to the 
phylum Nucleocytoviricota of classes Megaviricetes 
and Pokkesviricetes. We also analyzed DNAs of virus-
es without identified intermediate realms: 9 represen-
tatives of families Baculoviridae, Nudiviridae and the 

1 URL: https://www.ncbi.nlm.nih.gov/genomes/Genomes Group.
cgi?taxid=10239&sort=taxonomy

superfamily Nimaviridae as well as 6 representatives of 
unclassified archaeal viruses and 3 unclassified species 
of families Pytho- and Hytrosaviridae (Appendix).

GenBank programs were used as tools for the 
analysis.

Frequency distribution graphs for the studied TNs 
were built by searching variants of the closest context 
of central pairs nTAn and nCGn (CTAG) with a succes-
sively increasing molecular weight n [16, 17]: 

[C→T]Y → [A→G]R,

where C, T — pyrimidines (Y); A, G — purines (R).

Results

1. Density of nTAn and nCGn of the minimum 
concentrations in viral DNAs 

The nTAn and nCGn density analysis showed 
that CTAGmin is the TN of the lowest concentration 
in DNAs of most (75 out of 128) of the studied repre-
sentatives of phylum Uroviricota. The term “minimum 
concentration” refers to a complete self-complementa-
ry tetramer with the density lower than the density of 
the contextually symmetrical tetramer in the general FP 
of the viral DNA. In our case, CTAGmin < GTAC and 
TCGAmin < ACGT. 

DNA of any species of the phylum Uroviricota 
does not contain TCGA as the tetramer at the minimum 
concentration. In DNAs of viruses belonging to the 
phylum Nucleocytoviricota, unassigned viruses (Bacu-
loviridae, Nudiviridae and Nimaviridae) and archaeal 
viruses, TCGAmin can be present, but its occurrence is 
rare and does not have any apparent relationship with 
classification groups.

One of the iridoviruses — the alpha-iridovirus as 
well as the infectious spleen and kidney necrosis virus 
contain both TNs in their DNA as TNs of minimum 
and approximately equal concentrations (CTAGmin~ 
TCGAmin). The same characteristic is observed in the 
virus Ranid 1 of the family Alloherpesviridae. DNAs of 
most of the alpha-herpeviruses of the genus Simplexvi-
rus contain these tetramers at minimum concentrations 
as CTAGmin < TCGAmin. 

The concentration of TCGA is not minimum in 
DNAs of roseoloviruses. At the same time, most of the 
herpesvirus DNAs (26 out of 35) — except for gam-
ma-herpesviruses — have CTAG at minimum concen-
trations. Section 2 describes distinctive characteristics 
of nTAn and nCGn FPs in DNAs of herpesviruses.

The minimum concentration of CTAG is observed 
in all the studied Nucleocytoviricota — except for pox-
viruses, among which only 3 chordopoxviruses (out of 
19 analyzed viruses) have CTAGmin. As was said, pox-
viruses have DNA with dominant type A+T and a high 
ratio (> 2) ratio of [T+A]:[G+C]. 

Before we move to the next section, we would like 
to point out the key aspects:

https://www.ncbi.nlm.nih.gov/genomes/GenomesGroup.cgi?taxid=10239&sort=taxonomy
https://www.ncbi.nlm.nih.gov/genomes/GenomesGroup.cgi?taxid=10239&sort=taxonomy
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1) The DNA of herpesviruses is different from 
DNAs of other viruses discussed here by the ratio of 
[G+C] > [A+T].

2) Among the studied viral DNAs, the TCGA 
tetramer is present at minimum concentrations almost 
exclusively in DNAs of herpesviruses – with more 
than two-fold dominance of G+C over A+T. These are, 
first of all, herpesviruses of the genus Simplexvirus of 
the subfamily Alpha and, partially, of the genus Lym-
phocriptovirus of the subfamily Gamma. DNAs of ma-
ny herpesviruses have the ACGT tetramer represented 
at minimum concentrations; however, it is not unique, 
as its minimum concentrations are found in DNAs of 
other classification groups of viruses. 

Fig. 1. FPs of nTAn (blue) and nCGn (red) tetra-nucleotides 
in Human Simplexvirus 1 DNA. 
a — absolute values; the percentage ratio of symmetric pairs of 
two complete tetramers — TCGAmin:ACGT and CTAGUNP:GTAC 
(shown in green and bold); b, c — a graphic representation of 
absolute values; c — nTAn FP; vertical scale up.

а b c
CTAC  1   221 2056 CCGC
CTAT  2 116 892 CCGT
CTAA  3 112 878 CCGA
CTAG  4 91 1856 CCGG
TTAC  5 175 884 TCGC
TTAT  6 182 563 TCGT
TTAA  7 178 468 TCGA
TTAG  8 109 916 TCGG
ATAC  9 200 954 ACGC
ATAT 10 152 546 ACGT
ATAA 11 185 542 ACGA
ATAG 12 128 932 ACGG
GTAC 13 439 1796 GCGC
GTAT 14 223 1022 GCGT
GTAA 15 194 894 GCGA
GTAG 16 251 2160 GCGG
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2. Frequency profile of tetra-nucleotides in viral DNAs 

The symmetry of their FPs is a distinctive feature 
of quantitative distribution of nCGn genomic tetra mers 
of some viruses of the phylum Peploviricota. Fig. 1 
shows it for the herpes simplex virus type 1 whose 
genome is organized by type D [18]. The nTAn FP is 
asymmetrical due to the minimum concentration of 
CTAG (CTAGmin). The ratio CTAG:GTAC and TC-
GA:ACGT is more precise than symmetry, though also 
representing it. For DNA of the herpes simplex virus 
type 1, it is CTAGmin< GTAC (21%) and TCGAmin< 
ACGT (86%). 

Once the central dimer of the CTAG tetramer is 
replaced by the reverse one — CATG, the symmetry of 
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the respective FP is restored. The asymmetry of nCGn 
FPs is much less pronounced, though the TCGA<AC-
GT ratio is quite typical of FPs of many simplex vi-
ruses. Any substitutions of the CG central dimer result 
in severely distorted and broken FP symmetry.

Fig. 2 shows FPs of nTAn and nCGn tetra-nucleo-
tides in the Human Cytomegalovirus (HHV5) DNA or-
ganized by type D, similarly to herpesviruses of the ge-
nus Simplexvirus. As can be noticed, the symmetries of 
both FPs are almost absent; however, CTAGmin:GTAC 
and TCGAmin:ACGT ratios are clearly presented (36 
and 52%, respectively). It is obvious that the symmetry 
of nCGn FPs is associated with the GC-type DNA of 
the herpesvirus of the genus Simplexvirus. 

The numeric GC:AT ratio and its association with 
symmetries of herpesvirus DNA FPs are illustrated by 
Table. Pronounced symmetries of nCGn FPs result 
from ratio GC:AT>2, which is typical of DNAs of her-
pesviruses of the genus Simplexvirus. Ratios of pairs 
TCGA<ACGT and CTAG<GTAC are frequently found 
in DNAs of viruses belonging to the genus Simplex-
virus. The viral DNAs of the AT-type are also notable 
for FP symmetries for the above TNs at ratio AT:GC>2 
(poxviruses).

Fig. 3 shows CTAG and TCGA FPs in DNA of 
Ranid herpesvirus 1, (genus Batrachovirus), in which 
both TNs have lowest FPs, while the genome is orga-
nized by V. Roizman’s type. In DNA of this virus, FPs 
of both TNs do not demonstrate symmetries; however, 

they quite clearly show the so-called incomplete te-
tramers — CTA/TAG and CCG/CGA trimers — by the 
decreasing density. To an extent, it can be observed in 
some other viral DNAs. Normally, the density of such 
trinucleotides does not reach levels of complete CTAG 
or TCGA.

Summarizing the above section, we would like 
to point out two pronounced, though previously unad-
dressed, formal characteristics of CTAG and TCGA. 

FPs of nCGn in DNAs [G+C]:[A+T]>2 demon-
strate a certain symmetry, while the symmetry of nATn 
FPs in such DNAs is often broken (CTAG<GTAC). 
This symmetry does not follow Chargaff’s second pa
rity rule, which, at least, is free of such limitations, and 
it does not stem from this rule, as it may look on the 
surface. It is also different from symmetries of DNA se-
quences, which were described in the following works 
[19–21].

Not only CTAG, but also its trinucleotide over-
lapping regions, nTAG and CTAn, have, as a rule, a 
more or less pronounced tendency toward decreased 
density in FPs of the respective tetramers (Fig. 2). The 
tendency toward lower density is also demonstrated by 
nCGA and TCGn trimers. If nTAG or CTAn trimers 
overlapping the 5’ or 3’regions of CTAGmin are seen 
as those of the minimum concentration, the number of 
75 CTAGmin out of 128, which we referred to when 
discussing DNAs of the representatives of phylum Uro-
viricota, will increase to 93. Such trinucleotides also 

Fig. 2. Frequency profiles of nTAn (blue) and nCGn (red) tetra-nucleotides in the Human Cytomegalovirus (HHV5) DNA. 
a — absolute values; b — their graphic representation. The percentage ratio of symmetrical pairs of two complete tetramers,  
ACGT:TCGA and GTAC:CTAG (shown in green and in bold).
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demonstrate a tendency toward decreased frequency, 
which generally does not reach minimum values of 
the complete CTAGmin. Therefore, we think that the 
above-mentioned hypothesis of the thermodynamic 
model, which applies to the complete CTAG TN, needs 
some clarification.

These four trinucleotides (CTA/TAG partially 
overlapping CTAG and TCG/CGA, partially overlap-
ping TCGA) have another surprising feature, which, at 
first glance, is not associated with their known func-
tions; in fact, it falls into the scope of the next section 
of the article, and is mentioned here as a transition to 
it: these four trimers, which are seen as overlapping 
codons, exhaust the excessiveness of the universal ge-

netic code (shown in bold; Roman numerals are used 
to denote the group of their degeneracy): CTAIV = 
TTRII(L) and TAGII = TGAIII(stop); TCGIV = 
AGYII(S) and CGAIV = AGRII(R). The group of 
their degeneracy is always higher than the group of de-
generacy of alternative codons of the same amino acid.

Alternative codons constitute the symmetrical 
central line ATTTA (the first letters) or SIIstopLII
stop-RII (coding products) of the so-called code matrix 
[17]. In the genetic code, there is not any pair of com-
plete self-complementary TNs like TCGA and CTAG, 
which would be overlapped by trinucleotides with simi-
lar properties. This distinctive characteristic, which can 
be of a casual nature, prompts to take a closer look at 

Characteristics of the 1st (A) and 3rd (G) lines of virus (mainly herpesvirus) genomes with ratio GC : AT > 1

Genus Species GC : AT DNA
Genome

1st nt 3rd nt

Simplexvirus Papiine HV2 3,18 acgt TCGA –

Simplexvirus Cercopithec aHV2 3,16 acgt TCGA TCGA

Simplexvirus Ateline aHV1 3,08 acgt TCGA TCGA

Simplexvirus Macacine aHV1 2,92 acgt TCGA TCGA

Simplexvirus Human aHV2 2,38 acgt TCGA TCGA

Simplexvirus Human aHV1 2,15 TCGA TCGA TCGA

Simplexvirus Chimpanzee aHV 2,13 TCGA TCGA TCGA

Simplexvirus Saimiriine aHV1 2,04 TCGA TCGA TCGA

Quwivirus Tupaiid bHV1 2,00 acgt acgt acgt

Simplexvirus Leporid aHV4 1,97 TCGA TCGA acgt

Shapirovirus Caulobacter phage CcrKarma 1,96 acgt TCGA TCGA

Phicbkvirus Caulobacter virus Rogue 1,95 acgt acgt TCGA

Bertelyvirus Caulobacter phage CcrBL9 1,68 acgt TCGA TCGA

Cytomegalovirus Rat Maastricht 1,56 acgt TCGA acgt

Simplexvirus Fruit bat aHV1 1,55 acgt TCGA TCGA

Lymphocriptovirus Human bHV4 1,47 TCGA TCGA TCGA

Muromegalovirus Murid bHV1 1,42 TCGA TCGA acgt

Cytomegalovirus Human bHV5 1,35 TCGA TCGA acgt

Rhadinovirus Dolphin gHV1  1,32 acgt acgt TCGA

Varicellovirus Equid aHV1             1,31 TCGA TCGA TCGA

Quiwivirus Caviid bHV2 1,22 TCGA TCGA acgt

Percavirus Equid gHV5  1,21 TCGA TCGA TCGA

Batrachovirus Ranid HV1 1,20 TCGA TCGA TCGA

Rhadinovirus Human gHV8 1,16 acgt acgt acgt

Mardivirus Gallid aHV3 1,16 acgt TCGA TCGA

Simplexvirus Macropodid HV1 1.12 acgt TCGA TCGA

Batrachovirus Ranid HV2 1,12 TCGA TCGA TCGA

Cyprinivirus  Cyprinid HV1 1,05 acgt acgt TCGA

Note. Tetra-nucleotides (nCGn) of the minimum concentration are shown as ACGT or TCGA. The FP symmetry is shown in grey color (see 
the explanation in the text).

https://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?lvl=0&id=10310
https://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?lvl=0&id=10298
https://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?lvl=0&id=10353
https://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?lvl=0&id=10397
https://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?lvl=0&id=1343901
https://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?lvl=0&id=10359
https://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?lvl=0&id=10366
https://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?lvl=0&id=10359
https://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?lvl=0&id=10326
https://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?lvl=0&id=33706
https://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?lvl=0&id=10335
https://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?lvl=0&id=35250
https://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?lvl=0&id=317858
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the structure of the universal genetic code in the above 
context and share the observations that are not always 
explainable, but deserve attention.

3. Universal genetic code and genomic symmetries  
of TCGA and CTAG tetra-nucleotides

The genetic code owes the robustness of its struc-
ture mainly to the symmetry of its elements. Rumer’s 
table is one of the most illustrative examples of such 
symmetry (the first in the history) [22, 23]; it was la

ter converted by V. Scherbak into a calligram, with the 
symmetry between the first letters of coding triplets and 
the coding products arranged by their molecular weight 
[16]. This symmetrical relationship does not still have 
any clear explanation. In our slightly modified table 
(calligram A; Fig. 4, a), we placed an emphasis on the 
evolutionary stages of the code — as opposed to the  
established degeneracy groups in the original calligram.  
It shows the dominance of G+C in the first octet, which, 
apparently, reproduces the dominance of more thermal-

Fig. 3. Frequency profiles of nATn and nGCn  
tetra-nucleotides in DNA of Ranid herpesvirus 1.
a — absolute values; 3’-trimers TAG and CGA are highlighted  
in green and bold; 5’-trimers CTA and CCG are underlined;  
below — the percentage ratio of complete tetramers: ACGT:TCGA 
and GTAC:CTAG; b, c — a graphic representation of absolute values; 
c — nTAn, vertical scale up

а b c
CTAC  1   539 1556 CCGC
CTAT  2 631 970 CCGT
CTAA  3 370 610 CCGA
CTAG  4 202 830 CCGG
TTAC  5 664 780 TCGC
TTAT  6 676 565 TCGT
TTAA  7 491 295 TCGA
TTAG  8 376 763 TCGG
ATAC  9 795 1259 ACGC
ATAT 10 865 848 ACGT
ATAA 11 641 588 ACGA
ATAG 12 574 925 ACGG
GTAC 13 954 2081 GCGC
GTAT 14 888 1399 GCGT
GTAA 15 658 817 GCGA
GTAG 16 580 1549 GCGG
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ly stable pairs G≡C in the “precode” set of polynucleo
tides, and A+T in the second octet, which is also respon-
sible for gene reading and other features, thus being 
more complex and, most likely, evolutionary youn-
ger. In our version, octet 2 of the calligram (Fig. 4, b)  
is “packed tight” as the amino acid sequence is based 
on the total weight of products encoded by triplets with 
the third pyrimidine Y or purine R. This octet is referred 
to as octet A (Fig. 4, a) by the prevailing total content of 
nucleotides A in the 1st and 2nd coding lines. For the same 
reason, octet 1 of the calligram is referred as octet C.  
The number of all four nucleotides in the first lines of 
each octet is identical, thus emphasizing the inter-octet 
symmetry. 

Octet C in calligram A is organized by the suc-
cessive change (increase) in the molecular weights of 
encoded amino acids; such organization results in the 
symmetry of the upper line nucleotides (the first let-
ters of codons). The TCGA tetramer is the core of this 
symmetry (shown in bold on the grey background). We 
omit the values of molecular weights of coding pro-
ducts; they can be found in the following works [15, 
16]. Octets C and 1 of both calligrams are completely 
identical. 

Octet A in our calligram is also based on the suc-
cessive change (though this time – toward a decrease) in 
molecular weights of encoded amino acids, thus having 
the symmetry of the upper line nucleotides (the first let-
ters of codons). Amino acids comprising three pairs — 
R+S, E–D– and K+N (in Fig. 4 they are highlighted in 
light grey) have quite similar molecular weights, which 
may vary due to their ability to bear a charge (proton-
ation). However, the dominant principle of the octet 
organization, namely, the symmetry of the first letters 
of coding triplets secures the central CTAG tetramer in 
the upper line of octet A, placing the glutamic acid in 

the fourth position of the tetramer. A certain role here 
may belong to the symmetry of charges of histidine 
(H+) and glutamine (D–) at a neutral pH, with third co-
don letters represented by pyrimidines. These two fac-
tors — successive changes in the molecular weight of 
encoded products and the symmetry of the first letters 
of codons — set the direction of the octet reading and 
the direction of gene reading — from triplet ATG (start 
codon) to triplets TGA and TAR (stop codons).

Both octets of the genetic code can represent its 
presumed evolution [7, 26] — from occasional start/
stop codons of octet C to fixed (octet A) codons and 
from the dominance of G and C nucleotides in octet C 
to their alignment due to dominating A and T nucleo-
tides in codons of octet A, thus making the octet more 
complex. 

The approach we mentioned at the end of the pre-
vious section, namely, tetramers being overlapped by 
trimers, increases the information content of the calli-
gram, showing even the odd-numbered groups of de-
generacy. The linear four-nucleotide “junction” of the 
first lines of octets A and C, i.e. AT|GG, can be seen 
as being partially overlapped by ATG and TGG codons 
of the degeneracy group I (shown in grey in Fig. 4, a). 
The presence of this junction demonstrates the multi-
directional organization of octets A and Cght, which 
produces their symmetry — decreasing or increasing of 
the nucleon mass of coding products with unidirection-
al central octet tetramers. 

The analysis of nCGn and nTAn tetramer FPs in 
chains of the 1st, 2nd and 3rd lines of viral genomes re-
veals a certain similarity with symmetries of these FPs 
in the 1st, 2nd and 3rd lines of the genetic code. The first 
chain starts with nucleotide A, the second chain starts 
with T, and the third one starts with G, while genes are 
arranged one after another, without spacing, regardless 

                  a

# Octet C (dg - IV) 
1  G G T C G A C C 
2  G C C C T C T G 
3 Y CT CT CT CT CT CT CT CT 
AA → G A S P V T L R 
3 R AG AG AG AG AG AG AG AG 
AA → G A S P V T L R 
# Octet A (dg - I/III,II) 
1  A T C T A G A T 
2  T G A T G A A A 
3 Y CT CT CT CT CT CT CT CT 
← AA I C H+ F S D- N Y 
3 R AG AG AG AG AG AG AG AG 
← AA MI W0 Q L R+ E- K+ 0 

 

               b

Octet 2 
dg III II I 
1 T A T A T A G C A G C T A T A T 
2 G T A G T A A A A A A T G A T G 
3 H H R Y R Y Y R R R Y Y R Y G G 

aa C I 0 S L N D Q K E H F R Y M W 
 

                  a

# Octet C (dg - IV) 
1  G G T C G A C C 
2  G C C C T C T G 
3 Y CT CT CT CT CT CT CT CT 
AA → G A S P V T L R 
3 R AG AG AG AG AG AG AG AG 
AA → G A S P V T L R 
# Octet A (dg - I/III,II) 
1  A T C T A G A T 
2  T G A T G A A A 
3 Y CT CT CT CT CT CT CT CT 
← AA I C H+ F S D- N Y 
3 R AG AG AG AG AG AG AG AG 
← AA MI W0 Q L R+ E- K+ 0 

 

               b

Octet 2 
dg III II I 
1 T A T A T A G C A G C T A T A T 
2 G T A G T A A A A A A T G A T G 
3 H H R Y R Y Y R R R Y Y R Y G G 

aa C I 0 S L N D Q K E H F R Y M W 
 

Fig. 4. Calligram A of the universal genetic code (a) and octet 2 of the calligram of the universal genetic code ([16]; b).
The third nucleotide of the codon is represented by purine (R) or pyrimidine (Y). The start codon ATG and the stop codon TAR are highlighted 
vertically in grey. The first letters of central tetra-nucleotide codons of each octet are shown in bold. The tetra-nucleotide of the junction of 
octets A and C is also highlighted in grey. The successive increase in the molecular weight of the coding products (AC, amino acids) is shown 
by the increasing background density from white to black and by arrows. Roman numerals are used to denote degeneracy groups of the 
code, dg. Three pairs of coding products, some of which can bear a charge (that is why their positions in the lines are not stable and fixed 
following the dominant rule — the symmetry of the first letters of codons), highlighted in light grey.
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of viral DNAs, overlapping and introns. The examples 
are given only for genomes of the viruses discussed in 
the previous section: HHV1 (Fig. 5), HHV5 (Fig. 6) 
and RaHV-1 (Fig. 7).

Figure 5 (a) demonstrates the result of the analy-
sis – the symmetry of the chain of the first nucleotides 
of the HHV1 genome, in which the TCGA tetramer has 
the minimum concentration, giving rein to the ACGT te-
tramer. The symmetry of the second nucleotides is absent 
in the same way as it is absent in the 2nd line of the code 
calligram. Both facts are consistent with the functions 
of the 1st and 2nd nucleotides of the codon, and their na-
ture (the presence and absence of a symmetry) correlates 
with the organization of the universal genetic code. The 
welldefined symmetry of the chain of the 3rd nucleotides 
of the genome, which may look as redundant, as the nu-
cleotides are selected spontaneously, prompts the idea of 
compensation for the FP symmetry of the first nucleo-
tides of the genome and the nCGn FP in the actual HHV1 
DNA (Fig. 1). In addition, the similar symmetry could 
be typical of nucleotide polymers existing before the ge-
netic code or selected for its evolution. The analysis of 
the complete herpesvirus DNA divided into three chains 
similarly to the genome restores the statistical nature of 
the nCGn FP, i.e. the similar symmetry of tetramers for 
all 3 chains without reference to genes.

Figure 5 (b) shows the heavily distorted symme-
try of the nTAn FP in the chain of the first letters of 
codons — apparently, due to small numbers of nTAn 
tetramers. In fact, the same could be applied to TCGA, 
but its functional dimer (CG) has much more frequent 
occurrence even in the irregular chain compared to the 
functional CTAG tetramer and it can keep the illusion 
of the function much better with the tetramer than with 
the CnnTnnAnnG decamer. It should be noted that the 
TnnCnnGnnA decamer also has the minimum con-
centration. The shortage of CTAG in the chain of the 
first letters of coding triplets discontinues, though the 
concentration levels of CTAG are still slightly lower 
than those of the symmetric GTAC. Similar to nCGn 
(Fig. 5, a), the nTAn FPs of the second letters do not 
demonstrate symmetry, while the concentrations of the 
tetra mers of the 3rd chain are so low that they can be 
ignored; nevertheless, they follow the order of the va-
lues of the 1st letters and may participate in the overall 
symmetry of nTAn FPs in the actual HHV1 DNA.

Figure 6 shows that FPs of the chain of the 1st, 
2nd and 3rd letters of the nCGn tetramer (and nATn to 
a lesser extent) of the beta-herpesvirus HHV5 genome 
“restore” the symmetry absent in the actual DNA of this 
virus, while losing CTAG and TCGA as minimum con-
centrations. Similar to the HHV1 genome, the FP of the 
second letters of both tetramers lacks symmetry in the 
HHV5 genome. 

Figure 7 presents FPs of the discussed tetramers 
in chains of the 1st, 2nd and 3rd letters of the Ranid her-
pesvirus 1 alloherpesvirus genome. Here, we can also 

see the “restoration” of the FP symmetry in the chains 
of the 1st and 3rd letters of the nCGn tetramer, includ-
ing the nATn genome, though to a lesser extent — the 
symmetry that was absent in the actual viral DNA. The 
concentrations of CTAG and TCGA tetramers remain 
to be low, though their levels become much lower.

We summarized the obtained results in the table 
showing the data for nCGn FPs in DNAs of viruses 
with ratios of [G+C]:[A+T]>1.0. These viruses are 
primarily represented by herpesviruses. Two charac-
teristics were addressed: the genus of Simplex herpes-
viruses with TCGAmin typical of their DNAs and the 
symmetry of the respective profile. To a larger extent, 
these characteristics are observed in simplex genomes 
or, to be more exact, the chains of their 1st (and 3rd) 
codon nucleotides. 

The question arises about DNAs with the AT type 
and the similar high ratio of [A+T]:[G+C]. Among the 
studied viruses, such ratio is more frequently observed 
in poxvirus DNAs and genomes. The similarity with 
herpesviruses has been found only in symmetries of 
FPs of the analyzed tetramers and only when the or-
der of the fringe bases of the quadruple changes from 
CTAG to TCGA.

Summarizing the aforesaid, we would like to point 
out several formal characteristics of TCGA and CTAG 
tetramers with reference to the genetic code structure.

TCGA (octet C) and CTAG (octet A) are central 
tetramers of the first lines of octets in calligram A. 

For the GC genome type, FPs of nCGn and nTAn 
tetramers demonstrate the bilateral symmetry of the 1st 

and 3rd lines of nucleotides in genomes of a number of 
viruses and the absence of such symmetry in lines of the 
2nd nucleotides. These characteristics of lines are also 
typical of the genetic code. The FPs of the 3rd lines (G) 
of genomes demonstrate the symmetry at lower limita-
tions [G+C]:[A+T]>1. The FPs of the 1st, 2nd and 3rd 

chains of complete (not limited by the genome) DNAs 
whose genes are not identified offset the observed dif-
ference between the chains of the genome. 

The FP of nCGn herpesvirus DNAs shows the  
TCGA tetramer (remember that it is not the TN in the fi-
nal version of the code) as the least represented in lines 
A and G in most of the studied cases, while the FP of 
nTAn does not show herpesviruses as the group with 
unique CTAGmin concentrations compared to other 
groups of viruses. 

With sizes of all three lines of the viral genome (GC 
type of DNA) being naturally equal, the total number of 
nCGn tetramers of the 1st and 2nd lines is approximately 
equal to the number of such tetramers in the 3rd line.

Thus, both groups of functional TNs — TCGA 
and CTAG described in sections 2 and 3 share the 
common characteristic — the symmetry found both in 
complete viral DNAs and in individual codon lines of 
genomes of these viruses. In the first case, it refers to 
DNAs of “current” viruses; in the second case, it refers 
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to their genomes and to the genetic code. Both groups 
of symmetries, including their arrangement, bring up a 
question about the origin of viruses or, at least, about 
the origin of some of them. 

Discussion
Life on Earth started from glycosylation and 

phosphorylation of purines and pyrimidines with the 
further selection of uniform optical isomers and their 
non-template polymerization. None of these proces-
ses — in existing natural conditions on our planet — 
can take place without enzymes, though during early 
stages of abiogenesis, enzymes could have been re-
placed by different clays [24]. The events and factors 
that prepared (on the planet or even outside the Earth 
system), launched and scaled up the abiogenetic pro-
cess more than 4 billion years ago remain the subject 
of much speculation; the question whether everything 
could have happened by accident also remains unan-

swered [25, 26]. The further evolution could depend on 
clusters of microscopic compartments (also with par-
ticipation of the above-mentioned clays), inside which 
growing heteropolymers competed for limited resour-
ces. The “losers” were destroyed and were used by the 
“winners” or were driven out the compartment through 
its semipermeable membrane. If they survived the ag-
gressive external environment and were able to pene-
trate into the closest compartment or get into it after the 
fusion, they continued fighting with new competitors 
and that time their fight could be successful. In terms of 
compartments, the behavior of these competitors was 
very similar to the behavior of current viruses, though 
the compartment was highly different from the mo
dern cell. The “winner’s” advantage depended on the 
growth rate within the limits of permissible dimensions 
and on the evolving template replication catalyzed by 
ribozymes — products of the RNA world [27, 28], pro-
tometallopolyproteins [29] or random factors. 

Fig. 5. FPs of nCGn (a) and nTAn (b) tetramers in chains of the 1st, 2nd and 3rd nucleotides of the Herpes simplex virus 1 genome. 
Here and in Fig. 6, 7: on the left — absolute values, on the right — their graphic representation in chains of the 1st, 2nd and 3rd nucleotides to 
demonstrate proportions of the profile (but not its scale, which can be estimated with the help of absolute values presented in the numeric 
section of the figure).

а

CCGC 471 347 1409
CCGT 204 199 275
CCGA 229 190 212
CCGG 571 221 1192
TCGC 201 161 327
TCGT 90 192 92
TCGA 96 146 46
TCGG 236 129 234
ACGC 243 189 227
ACGT 129 143 61
ACGA 126 117 33
ACGG 285 125 186
GCGC 487 215 1092
GCGT 270 129 326
GCGA 246 130 160
GCGG 740 157 987

4624 2790 6859
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CTAC    96 165 46
CTAT 38 139 10
CTAA 60 155 11
CTAG 102 150 40
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TTAA 44 180 6
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During that stage, the described events devel-
oped along two clearly defined lines: intense compe-
tition among the participants for the growth resources 
and the evolution of the system required by this com-
petition. The stability of polymers could be supported 
by their structure with a double chain during the in-
ter-replication period [30]; the total length of the chain 
was preserved, while single-chain sections more sen-
sitive to damage were reduced and there were multi-
ple repeats contributing to the symmetry of the chain. 
This system may have emerged repeatedly for short 
periods in different areas on the planet, but eventu-
ally it approached the fundamental evolutionary leap 
when the translation machinery and genetic code were 
created to stabilize the cooperation of nucleotide and 
amino acid heteropolymers and significantly reduce 

the randomness of further processes at the molecular 
level.

Nucleotide polymers capable of growth and rep-
lication stored the information defining the amino acid 
sequences that were able to catalyze synthesis and re-
plication processes much more efficiently than random 
factors during the previous stages.

The genetic code stabilized the life chemistry and 
significantly accelerated its evolution leading to organi-
zation of the first cells and dividing positions of nucleic 
acids into intracellular and extracellular, thus securing 
the first two central biological elements capable of ef-
ficient interaction (competition or cooperation) — the 
cell and the virus, which gained a possibility to grow in 
size. Viruses, most likely, continued to evolve further 
on and through other ways [31–34]. 

а  / а
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TCGC 304 207 421
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8104 7453
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b
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Fig. 6. FPs of nCGn (a) and nTAn (b) tetramers in chains of the 1st, 2nd and 3rd nucleotides of Human cytomegalovirus (HHV5) 
genome.
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Some scientists believe that the genetic code 
evolved in stages [35–38]. We assume that initially, the 
code continued to have characteristics of “pre-code” 
heteropolymers, including some excessive concentra-
tions of G and C, as well as some symmetry elements 
(due to repeats) increasing its robustness. The basis of 
the code symmetry was formed not only by comple-
mentarity, but also by another parameters combining 
codons and coding products — the molecular weight 
(the size) of participants. The CpG dimer, which due to 
its abundance, most likely, became the initial structural 
element of the code, is characterized by complementa-
rity of C≡G and the ratio of C˂G (Y˂R) for molecular 
weights of monomers. This dinucleotide might be per-
forming some unique functions in synthesis of biopoly-
mers, thus standing out among others and, therefore, 
being selected as the initial element. Some scientists 
assume that the first codons were doublet [35]. Later, 
the Y˂R ratio was preserved and the set of first nucle-
otides of the code was extended to the full four-letter 
size — TCGA.

At a later stage, the Y˂R ratio formed the basis 
for the assembly of another tetramer — CTAG, which 
(this time acting as TN) also had a unique biological 
function. This tetramer specified the unidirectionality 
of ratios between nucleotides from the pyrimidine-pu-
rine level to the level of nucleotides (C˂T˂A˂G).

The evolution of the size of codons initially resul-
ted in mutual overlapping, which later was replaced by 
the triplet structure of the code with different functions 
of the 1st, 2nd and 3rd letters of the codon. The first let-
ters were responsible for the code stability provided 
by the symmetry, which was based on the successively 
changing molecular weights of coding products. Amino 
acids, which share the same biosynthetic pathway, nor-
mally share the first position in codons [25]. The second 
letters of coding triplets are responsible for functions 
of amino acids depending on their polarity; codons of 
amino acids with similar physical and chemical pro-
perties are usually also characterized by similarity, thus 
helping alleviate consequences of point mutations and 
impaired translation. The third letters of codons sepa-

Fig. 7. FPs of nCGn (a) and nTAn (b) tetramers in chains of the 1st, 2nd and 3rd nucleotides of Ranid herpesvirus 1 genome.
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rate coding doublets with purines or pyrimidines (octet 
A) or with their random selection (octet C) [23]. Based 
on the above organization, both tetramers belong to dif-
ferent groups of degeneracy, which continued to exist 
even outside their boundaries. 

The product of the code evolution was the prede-
cessor of octet C (the dominance of C and G) and later 
(or concurrently), when the code acquired additional 
features – direction of the gene reading and codon dif-
ferentiation by the third letters, purine or pyrimidine – 
emergence of octet A (compensatory dominance of A 
and T; Fig. 4).

Existing “live” single-stranded nucleic acids (sep-
arate chains of genomes) also demonstrate a certain 
symmetry, including the symmetry of FPs of functional 
TNs. Viral DNAs are the best choice for studying this 
symmetry, as their genome, i.e. a set of genes enco ding 
sequences, occupies the largest portion of the DNA 
(more than 80% in herpesviruses). 

We demonstrated that in the genome of herpesvi-
ruses with high concentrations of GC, the nCGn FPs in 
the chains of the 1st, 2nd and 3rd nucleotides are charac-
terized by the symmetries similar to those observed in 
the chains of the 1st and 3rd nucleotides of the genetic 
code. On the other hand, the nCGn FPs in the chain 
of two-codon nucleotides do not have such symmetry, 
though they share the same characteristics with the 
 other two chains in addition to the common unseparated 
DNA strand: Type GC and ratio [G+C]:[A+T] > 2. The 
differences in nCGn FPs in the chains of the 1st, 2nd and 
3rd letters of the genome correspond to the functions of 
codon nucleotides and the formal structure of the gene-
tic code. The total number of nCGn tetramers in the 3rd 

chain of the viral genome with high concentrations of 
GC is approximately equal to the total number of nCGn 
tetramers in the 1st and 2nd chains (codons of octet C 
mean the choice out of 2 with the first two nucleotides 
and the choice out of 4 with the third nucleotide).

The aforesaid illustrates the functional character 
of calligrams of the genetic code, which are more infor-
mative than the standard table and its versions available 
in most students’ books. 

We assume that the symmetry of FP of nCGn nu-
cleotides in the third chain — similarly to the general 
symmetry of nCGn FPs — can be an atavistic feature 
of the pre-code pool of polynucleotides. On the other 
hand, the properties of the third chain can be required 
as a “reserve” to provide the symmetry of the first 
chain. Undoubtedly, the described symmetries could be 
formed by any, even by randomly generated DNA poly-
mers of sufficient length. However, in this case, when 
they were divided into three chains following the above 
principle, the second chain would not be identified by 
such symmetries. 

The symmetry of nCGn FPs preserved at least in 
one of the three chains of the viral genome after it is 
split up means that under specific conditions, the limit 

set for the size of the genome can be increased appro-
ximately 2–3-fold compared to the limit we set at the 
beginning of our study (100 kbp). 

Most certainly, the emphasis placed on herpesvi-
ruses in our article (and on adenoviruses too) does not 
lead to the assumption that life on Earth started from 
the above viruses. These viruses, their components 
(and their hosts) are too complex both structurally and 
functionally [18], and their DNA is too large, imply-
ing that they have gone through long evolution, which 
involved their type (GC) and high GC/AT ratio [39]. 
This evolution involved not only DNA, but also co-
ding pro ducts — proteins, more stable components of 
life [40, 41]. It is individual proteins that demonstrate 
evolutionary relatedness between herpesviruses and 
tailed phages when compared in different viruses [42], 
while the DNA structure shows quite a few evolutio-
nary discrepancies in the discussed parameters. The 
role of terminal repeats in DNAs is not as apparent for 
its contribution to symmetries, though they also can be 
of atavistic, relict nature. 

Symmetries of the genetic code have been dis-
cussed before and they keep attracting attention of sci-
entists studying them from different perspectives [43, 
44]. Here, we take a closer look at one of the aspects of 
these symmetries.

By publishing these data, we wanted to point out 
the characteristics and similarities of two biological 
objects, which are seemingly unrelated, though they 
have common and significant markers — TCGA and 
CTAG tetramers, including such quality if their FPs 
as symmetries. The first object is the viral (in our 
case) DNA; the other object is the universal genetic 
code. The presen ted data suggest an evolutionary re-
lationship between these objects, which is based on 
poorly studied biological functions of these tetramers. 
Although these functions are seemingly different in 
the DNA biosynthesis and in the process of code evo-
lution, such differences may have stemmed from the 
conditions of their emergence at different stages of the 
biological evolution. 
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